ABSTRACT: Biomass (CHN), respiration rate and food uptake were estimated for the larval development of F_dminius modestus at three temperatures (12, 18, 2~ ~ Mean values of dry weight, elemental composition and energy equivalents increased exponentially with the development from nauplius II to VI. Dry weight, elemental composition and energy content exhibited the highest values at 18 ~ Respiration rates increased with thelarval stages expressed by a power function, but increased logarithmically with the dry weight of the larvae. The cypris larvae showed a reduced respiration rate compared with nauplius VI. The ingestion rate was measured at a concentration of 100 cells of Skeletonema costatum p1-1. At 12 and 18 ~ ingestion rates increased exponentially and at 24 ~ by a logarithmic function. The fittings were used to estimate the energy budget of E. modestus during larval development. The energy content of the larvae increased during the development from nauphus II to VI by a factor of 21 at 12 ~ 25 at 24 ~ and 31 at 18 ~ The estimated energy content of the freshly metamorphosed barnacle is 100 mJ (12 ~ 130 mJ {24 ~ and 150 mJ (18 ~ The assimilation-(A/I) and gross growth efficiencies (KI) increased strongly during the development from nauplius II to VI (A/I: 6-14 % in nauphus II to 50-90 % in nauplius VI; KI: 4 % in nauplius II to 75 % in nauplius VI). The net growth efficiency (K2) showed a relatively constant level ranging between 57 and 83 %.
INTRODUCTION
Elminius modestus was recently introduced to Europe (Bishop, 1947) . Since then it has spread rapidly throughout this continent (see Harms, 1986) . Larvae of E. modestus develop through six nauphar stages and finally metamorphose into the non-feeding cypris larva. The proposed function of pelagic larval stages is the dispersal to and the colonization of remote habitats, offering the advantage that a large number of geographically isolated and diverse habitats are reached where populations are at less risk with regard to density-independent mortalities caused by local catastrophes (Crisp, 1974 (Crisp, , 1976 . Pelagic larvae suffer high mortality due to predation or lack of food. For this reason, the number of larvae produced are maximized, with the effect that the larvae contain only a small amount of energy when they hatch. The capadty of the cypris to metamorphose into juvenile barnacles depends entirely on the energy reserve accumulated by the nauphar stages (II-VI). So the cypris larva, which does not feed (Walley, J. Harms 1969) , normally contains some 20 % of its body weight as energy reserve (Holland & Walker, 1975) . Advances in the rearing technique of barnacles IHarms, 1984 IHarms, , 1985 Moyse, 1963~ Tighe-Ford et al., 1970 Wisely, .1960 ) made sufficient numbers of larvae up to the cypris available for studying larval development. This study on the energy accumulation during the larval development of/~. modestus describes and compares the CHN-ratio, the oxygen and the food uptake of the single nauphar stages with data of other crustuaceans espedaUy cirripedes.
MATERIALS AND METHODS

Rearing technique
The adults of B1m/n/us modestus were collected in the intertidal zone of the island Helgoland (North Sea) and were kept in a flow-through system at a constant temperature of 12 ~ Only freshly hatched larvae not older than 6 h were used for the experiments. Usually, the larvae had reached the second nauphus stage at this age. The first nauphus stage is not considered here, because it lasts only a few hours and does not feed (Barnes & Barnes, 1958~ Molenock & Gomez, 1972~ Moyse, 1963 .
The larvae were reared in mass cultures {5--10-hter beakers at 12, 18 and 24 ~ with a concentration of 1 larva x in1-1 in 0.45 ~m filtered" seawater {31-33 % oS). Slight aeration provided equal distribution of the larvae and kept the algae in suspension. The larvae were fed with Skeletonema costatum (100 cells x ~d-1). Antibiotics were added at a concentration of 0.3 ml Crystamycin x 1-1 seawater {Crystamycin = 300 mg Penicillin G + 500 mg Streptomycin in 4 ml desfilled water). The culture medium was changed every second day. Before starting further experiments, the development of the larvae was checked and only simultaneously developing cultures were used.
CHN-Analyses
To determine dry weight and carbon-, nitrogen-and hydrogen-content, precounted numbers of larvae {Stage II: 1000 larvae; III: 600-800 larvae~ IV: 500-600 larvae; V: 150 larvae; VI and cypris: 100 larvae) were pipetted onto pre-ashed and pre-weighed Whatman glass fibre filters. The seawater was vacuum-filtered; larvae were washed briefly with fresh water before being placed, on glass fibre filters, into silver cartridges. They were freeze dried at <10 -2 mbar in a GT2 (Leybold Hereaus) for at least 12 h. Dry weight was estimated on an electronic autobalance (Perkin-Elmer AD2). Carbon-, nitrogen-and hydrogen-content of larvae were determined by means of an Elemental Analyser Model 1106 (Carlo Erba Science). Energy equivalents were calculated using the formula given by Salonen et al. {1976) and were expressed in Joules.
Respiration
The respiration rate was measured at 12, 18 and 24 ~ applying the Winkler method (Anger & Jacobi, 1985; Dawirs, 1983; Grasshoff, 1976) . Depending on their dry weight, 100 (Cypris and nauphus VI) to 1000 (nauphus II) larvae were confined m one Winkler bottle (~ 55 crn3L containing 0.25 ~In filtered seawater (31-33 % oS L Each measurement included I0 experimental sets (with larvae) and 5 replicate blanks (without larvae) and ran for 24 h, The decrease of oxygen concentration in the experiments was 5 to 20 %, which is beheved to have no effect onlarval respiration (Belman & Childress, 1973; Dawirs, 1983} and can be measured accurately.
The oxygen uptake was calculated by the difference between the blanks and experimental sets. The oxygen consumption mg O2 x1-1 can be converted into ml 02 x 1-1 by the factor 0.7 (Crisp, 1984} . The oxygen uptake was converted to energy loss by metabohc heat production (Gnalger, 1983 :1 mg 02 = 14.06 Joule).
Ingestion rate
The algae concentration was measured using the haematocyte counting chamber of Neubauer (Guillard, 1978) . A prehminary experiment had shown good agreement with the algae concentration measured by the Uterm5hl method (UtermShl, 1958) and the Neubauer chamber.
Each experimental set contained 300 larvae in 300 ml filtered seawater (0.25 ~m) with a food concentration of 100 cells x ~1-1 of Skeletonema costatum at the beginning of the experiments. No antibiotics were added. Each experiment included 10 rephcates (with larvae) and 5 rephcate blanks (without larvae). The algae concentration was measured after 12, 18 and 24 h (at 12 ~ also after 36 h). The ingestion rate was calculated by the method given by Frost (1972) .
The ingested cells x day -1 were used for the calculation of the energy uptake. Cells of S. costatum have a carbon content of 16.76 +_ 2.38 pg C (Hagmeier, personal communication). This value is comparable to the one given by Strathman (1967) . One cell has therefore an energy content of 0.67 ~J (converted after Finlay & Uhlig, 1981) .
Energy budget
The energy budget for each nauplius stage and for the total larval development from nauplius II to cypris stage is given by the formula: I=G+Ex+M+E, where G is the growth rate, Ex is the energy content of the exuviae and M is the metabohsm, which is estimated by the oxygen uptake. No experiments were performed on the excretion and egestion (E), thus this value is given by the difference of the assimilated energy (A) and the ingested food (I) (Dawirs, 1983 ): E = I-A.
Efficiencies
Data on growth, food uptake and respiration, which have been estimated for the larvae of Blminius modestus, were used for the calculation of the following efficiencies:
Assimilation efficiency (A/I)" calculated by respiration rate + growth rate + exuviae x 100; ingestion rate it denotes the proportion of ingested food assimilated. Assimilation in this context has been defined as the sum of respiration and growth (Crisp, 1984 growth rate x 100~ growth rate + exuviae + respiration rate it denotes the proportion of assimilated food converted to growth.
The assimilation-, gross-and net growth efficiences (A/I, K1, K2a) were calculated with consideration of the exuviae, because the exuviae participate in the growth of the larvae. The calculation of the net growth efficiency K2b is based on the assumption that the energy content of the exuviae is wasted for the larvae.
RESULTS
CHN-Analyses
The mean values of dry weight (M0, elemental composition (C, N, H) and the energy equivalents (mJ x Ind -1) (Table 1) of the nauphar stages increased exponentially during the development from nauphus II to VI (Table 2) (Table 1) , whereas the ratio between elemental composition and dry weight showed more constancy during the development at all three temperatures tested.
The elemental composition of the exuviae is given in Table 3 . The exuviae were collected from mass cultures at 12 ~ Table 4 shows the loss in percent of W, C, N, H and energy (mJ x Ind -1) by the exuviae at the end of each nauphus stage, as well as the percentage loss on the growth rate during each single nauphus stage (data in brackets). The loss of dry weight and carbon at the end of the development of the nauphar stages decreased during development, whereas the nitrogen loss was highest in nauphus V. The energy content of the exuviae was 0.3 to 3.2 mJ (Table 3) , which is 2-5 % of the larval energy content (Table 4 ). The exuviae of the cypris larvae have a higher energy content (6.9 m J), which is still a loss of only 4-7 % of the total larval energy content. The energy loss by the exuviae on the growth rate of the single nauphar stages reached highest values in nauphus III (11-12 %) and IV (8-11%), whereas the nauplius stage VI loses only 2--4 % of its growth rate with the exuviae (Table 4 ). The lowest biomass loss by the exuviae was found at 18 ~ This indicates that at this temperature a higher percentage of the accumulated energy is converted into growth of the larvae than at 12 ~ and 24 ~
Respiration
The individual respiration rate {ng O~ x Ind -1 x h -1) increased with the larval development up to the VIth nauplius stage, whereas the cypris showed a reduced respiration rate {Table 5). Table 5 shows further the energy equivalents and the weight specific respiration rate (mean dry weights of the single nauphus stages are calculated Table 2 ). The increase of the respiration rate with the larval stages could be expressed by a power function ( Fig. 1 ): R = b-'Ha m, R = respiration rate, Na = nauplius stage, b and m = constants. The increase of the respiration rate during the development time could also be expressed by a power function (Fig. 2) , but increased logarithmically with the dry weight of the larvae (Fig. 3) . The number of cells of Skeletonema costaturn ingested per day by the naupliar stages of Elminius modestus are given in Table 6 . The nauplius stage I and the cypris have not been considered, because they do not feed. The food uptake increased generally with temperature and developmental stage, except for stage VI (12 ~ and stage V (24 ~ The increase of food uptake during development could be expressed by an exponential function at 12 and 18 ~ lnI=b+mNa, and logarithmically at 24 ~ (Fig. 4) Energy budget
The data for the growth rate (G) are calculated from the regression constants for the individual energy content (mJ • Ind -1, Table 2), which are based on the elemental composition of the larval stages of F, lminius modestus. The time spans for the development of the single larval stages are given by Harms (1984) . The growth rate of each nauplius stage was calculated therefore by the difference of the energy content at the beginning and at the end of each larval stage. The energy .contents of the exuviae (Ex) are presented in Table 3 . The metabolism (M) was calculated from the respiration rate given in Figure 1 . The values for the food uptake (I) of the naupliar stages are given in Figure 4 . The egestion and excretion values (E) were calculated by the difference between the assimilated energy (A) and the ingested food (I) (see "Materials and Methods"). Table 7 shows the energy equations for the single naupliar stages per hour as well as for the development of each nauplius stage and for the total development from nauplius II to the cypris stage. The growth rate of the larvae per hour generally increases with temperature and developmental stage. This is also true for the development of the single naupliar stages, except for the nauplius stages III (18 and 24 ~ IV (18 ~ and VI (24 ~ which show a reduced growth rate compared to lower temperatures, mainly caused by the relatively short developmental time of these three stages (Harms, 1984) . All naupliar stages invest more energy in growth than in metabolism. The proportion of metabolism in the energy turnover in the nauplius stages II-IV was higher at 18 and 24 ~ than at 12 ~ the nauplius stages V and VI showed a different trend (Table 8) . Figure 5 gives a model for the energy balance at 12 ~ based on the cumulative energy budget (Table 7 ). The energy content of the freshly metamorphosed barnacle can be calculated by the energy content of the freshly hatched larvae (5.16 m J; Harms, 1985) , which represents the energy reserve of the egg, the increase of the larval energy content during development to the cypris (G = 109.7 m J) and the energy loss during the lifetime of the cypris larva, which is a non-feeding stage. The cypris loses 6.95 mJ with the exuviae (Table 7) and, depending on the duration of this larval stage, 3.26 mJ x day -1 were used for metabolism. Normally, cypris larvae metamorphosed during the first two days, so that an energy loss of 6.52 mJ for metabolism was assumed. 
Effidencies
The assimilation efficiency increased exponentially from 6--14 % in nauplius II to 50-90 % in nauplius VI. Highest efficiencies were found at 24 ~ (Fig. 6) .
The gross growth efficiency increased exponentially from 4 to 75 % {Pig. 6}, showing a similar relationship to temperature and developmental stage as the assimilation efficiency. The net growth efficiency (K2a and K2b) ranged from 57 to 83 % and showed therefore a much more constant behaviour than the assimilation-and gross growth efficiencies. The net growth efficiency generally decreased from the second to the fourth nauplius stage and increased again in stage V and VI; no clear temperature influence was obvious.
The assimilation (A/I) and the gross growth efficiency (K1) for the total larval development from nauphus II to the cypris increased with the temperature (Fig. 7) . However, the net growth efficiencies K2a and K2b were nearly constant (K2,: 77-80 %; K2b: 73--77 %} atthe three temperatures tested, with a slight maximum at 18 ~
DISCUSSION t~lemental composition
The dry weight of the second nauplius stage of Elminius modestus given by Bhatnagar & Crisp (1965) (Table 9} agrees well with the one given in Table 1 . The mean dry weight of the larvae of E. modestus increased exponentially with the duration of the experiment ( Table 2 ). The specific growth rate of the larval development of E. modestus was 0.2-0.5, depending on the temperature. There are no comparable data of other cirripedes, but these are high values compared with the growth of other crustaceans, whose larvae also show an exponential growth {Dawirs, 1982; Johns & Pechenik, 1980; Logan & Epifanio, 1978; Mootz & Ppifanio, 1974) .
The percentage content of carbon, nitrogen and hydrogen, as well as the C:N ratio of the larvae of E. modestus show good agreement with other zooplankton organisms (Beers, 1966; Childress & Nygaard, 1974; Clutter & Theflaker, 1971; Ikeda, 1974; Mayzaud, 1973 Mayzaud, , 1976 Omori, 1969} .
Respiration
The respiration values given by Bhatnager & Crisp (1965) (Table 9) show good agreement with those given in Table 5 . The values of Lucas et al. (1979} for Sernibalanus balanoides, and of JSrgensen & Vernberg (1982) for Balanus eburneus are best compared by the weight specific respiration rate (Tables 9 and 5} . B. eburneus, a subtropical species, has higher weight specific respiration rates than Ehninius rnodestus at 24 ~ The native barnacle S. baganoides showed only slightly reduced weight specific respiration rates {1.0-1.9; Lucas, 1979} when compared with the theoretical values for/~, modestus at 10 ~ (1.8--2.7).
The respiration rates of the larvae of E. modestus are strongly influenced by water temperature. The temperature influence between 12-18 ~ was higher than between 18-24 ~ (Table 10) . Such a relative temperature-independent range (low Ql0-values between 18 and 24 ~ is often found at the temperature range to which the animals are adapted (Wieser, 1973) . This can be correlated with the original subtropical habitat of the species studied (Foster, 1978; Luckens, 1976) . The cypris larvae consume less oxygen than the last nauphus stage. Similar results were found by JSrgensen & Vernberg (1982) . Lucas et al. (1979) described a further decrease of oxygen uptake when the cypris larvae of S. balanoides start to explore the substrate. Since cypris larvae do not feed, they have to use their energy reserves economically. Food uptake
There are no directly comparable data for the food uptake of other cirripede larvae. Walne {1965, 1966) found an ingestion rate of 5.5--6.0 x 104 cells • day -1 for young Ostrea edulis (shell length 180-260 ~m). Similar ingestion rates were reported by Malouf & Breese (1977} for Crassostrea edulis (shell length > 200 ~m) with 6.2 • 104 cells x day -1. Sprung {1984} gave a general review on the ingestion rates of bivalves.
The maximum food uptake of copepods was estimated at 29 x 104 cells x day (Frost, 1972} and the mean ingestion rate was 11 x 104 cells x day -1. The food uptake of Elminius modestus (Table 6) 
Energy budget
The energy loss by metabolism.during the development of the naupliar stages of Elminius modestus was low compared with the energy invested in growth. The part of the assimilated energy (W + Ex + M) which was used up by metabolism increased from the second to the fourth nauplius stage to a maximum of 31-34 %. This percentage decreased in the last nauplius stage to 14-19 % (Table 8 ). The proportion of the metabolism showed a similar behaviour at the three temperatures tested, and was highest at 18 ~ (stage II-IV).
The energy utilization for metabolism during the larval development of decapods often shows a much higher percentage during early stages (Dawirs, 1982; Logan & Epifanio, 1978; Mootz & Epifanio, 1974} , whereas the metabolism proportion is often reduced in older larval stages. Levine & Sulkin (1979) reported that larvae of Rh/-thropanopeus harrisfi also invest more energy in growth than in metabolism.
The energy loss by the exuviae lies between 2-8 % of the assimilated energy in each nauphus stage and reached its minimum at stage VI (Table 11} . The energy loss by the exuviae on the growth rate during each single nauplius stage was 2-12 % and the lowest value was again found in the last nauphus stage (Table 4 , numbers in brackets}. Lei & Armitage (1980} found similar percentages in energy loss by the exuviae of Daphnia ambigua. Branchinecta gigas lose 5-6 % of the assimilated energy with the exuviae (Dabom, 1975) . Young isopods of Idothea baltica and Sphaermonas pulchellum lose 7-13 % of the assimilated energy with the exuviae (Tsikhon-Lukania & Lukasheva, 1970) . Adult individuals often lose higher percentages of energy with their exuviae (Lei & Armitage, 1980) . Efficiendes Assimilation and gross growth efficiencies describe the food utilization under special conditions; consequently, they are not constants. Food concentration and food value strongly influence the assimilation efficiency, because different compounds can be assimilated at different proportions (Comer & Davies, 1971) .
Assimilation efficiency (A/I): The assimilation efficiency of aquatic crustaceans varies between 7-99 % (Shuschenya, 1969) . Conover (1964) and Comer & Cowey (1968) found values of 7-99 % for zooplankton.
The assimilation efficiency of the larval stages of Elminius modestus increased from 6.3-91.2 %. Lucas (1979) reported a similar increase for the larval stages of Semibalanus balanoides (5.0-42 %). The reason for such an increase of the assimilation efficiency during the larval development might be due to a reduction of the relative respiration rate (Fig. 3) or a better efficiency of enzymes (Needham, 1931 : in Calow, 1977b . Another explanation for the increase of the assimilation efficiency might also be found in the food uptake of the larvae. The young larval stages of E. rnodestus have to break the chains of Skeletonema costatum before ingestion whereas the older stages can ingest these chains more easily.
Gross growth efficiency (K,): Blaxter (1962 : in Calow, 1977b found that K1-values rarely are > 35 %. These results are based on homoiotherms. Poikilotherms can reach higher values, because they do not have to utilize energy for temperature regulation (Calow, 1977a) . Calow (1977b) therefore found K1-values up to 50 % for poikilotherms. This is in good agreement with the gross efficiency of the larval development of K modestus which increased from 4 to 50 % (12 ~ and 18 ~ and reached higher values (75.4 %) only at the sixth nauplius stage at 24 ~ Net growth efficiency (K2): The net growth efficiencies were relatively constant throughout the larval development of E. modestus. Lucas (1979) found net growth efficiencies of 61-83 % for larvae of S. balanoides at I0 ~ which is expected to be the optimum temperature for the larval development of S. balanoides. These values are very similar to the one found for E. modestus at the temperature interval tested (Fig. 6) . Generally, herbivores have lower assimilation-and higher net growth efficiencies than carnivores (Welch, 1968) . In contrast to the assimilation and gross growth efficiency, the net growth effficiency for the total larval development of E, modestus showed only a slight maximum at 18 ~ (Fig. 7) and was scarcely influenced by temperature. This high net growth efficiency over the tested temperature interval (12 ~ ~ was certainly one of the preadaptations for the successful immigration of E. modestus throughout Europe.
